Investigation of sequence polymorphisms in the glycoprotein N (gN; gp4273), gO (gp4274) and gH (gp4275) genes of human cytomegalovirus (HCMV) strains collected from 63 Japanese children revealed that their gO genotype distribution differed slightly from that of Caucasian populations and that there was a significant linkage between the gN and gO genotypes. Linkage of these genotypes in strains obtained from Caucasian populations has been reported, so our similar findings in Japanese infants are consistent with this, and suggest generality of this linkage. Sequence analysis suggests that recombination between two strains of different linkage groups occurred approximately 200 bp upstream of the 39-end of the gO gene. Further studies are required to elucidate differences in biological characteristics among the linkage groups and the selective constraints that maintain the linkage.
Human cytomegalovirus (HCMV) infects most people during childhood without clinical symptoms; it is the major viral cause of birth defects and developmental abnormalities. It is also associated with significant morbidity and mortality in immunocompromised individuals. The complete genome of wild-type HCMV strains, such as Merlin, is 236 kb in length, and is predicted to encode 165 genes (Dolan et al., 2004) . Genetic characterization of clinical isolates has mainly depended on sequence polymorphisms in the genes that encode viral envelope glycoproteins and cellular homologues (Rasmussen, 1999; Pignatelli et al., 2004) . Glycoprotein B (gB), gM, gN, gH, gL and gO are involved in virus entry and egress and are the target molecules recognized by neutralizing antibodies. While extensive sequence variation is found in the gB and gH genes (5-10 %), a greater level is found in the gN and gO genes (40-50 %); the gL and gM genes are highly conserved among clinical strains. To date, the association of a particular genotype with a particular clinical outcome has been controversial (Bale et al., 2000; Barbi et al., 2001; Trincado et al., 2000) .
We have recently investigated gB, UL144 and UL149 gene polymorphisms and found that the gB3 genotype was more prevalent in congenitally infected individuals with neurological abnormalities (Yan et al., 2008) . Recently, a genetic linkage between the gN and gO genes was reported (Mattick et al., 2004) . To learn how common this linkage is and whether the linkage group has any correlation with the clinical outcome of congenital infection, we analysed gN, gO and gH gene polymorphisms.
HCMV strains were collected from 45 urine and 24 dried umbilical cord specimens obtained from 63 Japanese children, consisting of 32 congenitally and 31 post-natally infected children. Although samples of both materials were collected from six infants, specimens from each infant were handled as a single entity, as specimens from the same infant yielded the same sequence. Eleven of the congenital cases were identified previously by Ogawa et al. (2007) . Six were identified by HCMV-specific IgM in maternal or cord blood specimens, a further six were identified by our HCMV screening programme (Inoue & Koyano, 2008 ) and the rest were identified by clinical manifestations. All congenital infections were confirmed by the detection of HCMV in urine within 2 weeks of birth or in dried umbilical cord specimens. Twenty-three healthy infants were chosen from .100 volunteers on the basis of the presence of HCMV in urine. HCMV was also collected from eight infants with hepatic damage, pneumonitis or bone marrow transplantation or infants that were born prematurely. Post-natal infection was implied by the absence of HCMV in their cord specimens. Viral DNA was extracted from these specimens as described previously (Ogawa et al., 2007) . DNA fragments encoding hypervariable regions of the gN, gO and gH genes were amplified by nested PCR using Pfu polymerase (Promega) in 50 ml reaction volumes. Ten to 100 HCMV DNA copies were used as templates for the first-round PCR and 2 ml of these products were used for the second-round PCR. PCR conditions and primers are shown in Supplementary Table S1, available in JGV Online. The PCR products were separated on agarose gels and purified using a DNA extraction kit (QiaEX II, Qiagen). The purified DNA fragments were sequenced with BigDye Terminator Cycle Sequencing kit (Applied Biosystems) using the primers from the second-round of PCR. Sequences were assembled with ATGC version 4.0 (Genetyx, Tokyo) and aligned with Genetyx 7.0. Phylogenic analysis was performed with MEGA version 3.1 (Kumar et al., 2004) . Designation of gN, gO and gH genotypes was based on previous publications (Mattick et al., 2004; Stanton et al., 2005; Chou, 1992; Pignatelli et al., 2003) .
The total number of available amplicons and the distribution of genotypes of congenitally and post-natally infected cases (including GenBank accesssion numbers) are given in Supplementary Table S2 . There was no significant correlation between gH genotype and the incidence or clinical outcome of congenital infection. Since gO and gN have a large number of genotypes, the number of specimens in this study was insufficient to obtain statistically significant results in a clinical context. The presence of gO5 and the absence of gO1c in Japanese children made a slight difference in gO genotype distribution compared with the distribution in Caucasian populations (Mattick et al., 2004) . Since the gO5 genotype has only recently been recognized (Stanton et al., 2005) , the entire gO sequences of the five gO5 strains were determined. Their gO5 nucleotide sequences were identical to each other and were 99-100 % identical to those of Merlin and 3052. The gO genotypes exhibited a relatively low identity to each other; identity of the consensus gO5 sequence to other gO genotype sequences ranged from 76-81 % and 74-80 % at the nucleotide and the amino acid levels, respectively. Similar results were obtained from the phylogenic analyses for the sequences of the full-length and the middle segment of the gO gene (Fig. 1 ).
Of the 63 analysed strains, 57 yielded a complete dataset for the gN, gO and gH genotypes (Table 1) . gO and/or gH genotypes of the remaining six strains, one from a cord specimen from a congenital case and five from urine specimens from healthy infants, were not available due to limiting amounts of HCMV DNA. Relationships were identified among the gN, gO and gH genotypes. For example, all gO1b strains link with gN3a and gH1, and all gO5 strains link with gN4c and gH2. Seven linkage groups cover 79 % (45/57) of the strains of these three genes for which sequences are available. If only the linkage between the gN and gO genotypes is considered, the seven groups cover 91 % (52/57) of the strains. Fisher's exact test of the distributions of the matched genotypes between the gN and gO genes yielded a significant association (P,0.0001). Thus, our results clearly support the findings from a previous report (Mattick et al., 2004) . As indicated in that study, breaking down the gO genotypes into seven or eight genotypes was critical to identifying the linkage that could not be previously identified in strains from US populations (Rasmussen et al., 2002 (Rasmussen et al., , 2003 . Although the relationship between gO/gN and gH genotypes seems to be significant, the small number of gH variations/genotypes limits the value of these statistical analyses. Two gH genotypes were not able to be divided into subgenotypes. The genotypes of gB do not correlate with gN, gO and gH genotypes (data not shown).
In general, genetic polymorphisms and mosaic genotypes in the genome can be explained by the accumulation of spontaneous mutations under selective pressure and/or by homologous recombination, including both inter-and intra-strain recombination. Such recombination events have been reported for the variations within HCMV genes, such as gB (Haberland et al., 1999) and a duplicated pair of virokines (UL146 and UL147) (Arav-Boger et al., 2005) . Recombination events have also been observed in other herpesviruses, including herpes simplex type 1 (Dutch et al., 1992) , varicella-zoster virus (Norberg et al., 2006; Peters et al., 2006) and human herpesvirus 8 (Poole et al., 1999) . Recombination depends on various immunological and intracellular constraints because infection of the host, ultimately of a single cell, with two parental strains is required. Concurrent infections with multiple HCMV strains have been observed in immunosuppressed patients, such as transplant recipients and patients with human immunodeficiency virus (Stanton et al., 2005; Puchhammer-Stöckl & Görzer, 2006; Coaquette et al., 2004) . It has been demonstrated that pre-existing immunity does not prevent infection with strains of different genotypes Boppana et al., 2001) . To find evidence indicative of recombination events, the entire gO gene sequences were determined for strains representing each genotype and for those that were not classified into the seven linkage groups.
First, we analysed the gO5 strains. Whilst the gN4c genotype linked with the gO5 genotype in our population, the same gN4c genotype linked with the gO1c genotype in Caucasian populations. Mattick et al. (2004) discussed the possibility that gO1c was created by a recombination event. HCMV strains ASA01 and Toledo were chosen as representative strains of gN4c-gO5 and that of gN4c-gO1c, respectively. The similarity between the gN-gO sequences was analysed using the SimPlot program version 3.5 (http://asray.med. som.jhmi.edu/SCRofware/simplot) (Fig. 2a) . The identity was .95 % from the gN gene to the 39-part of the gO gene, but it dropped significantly from 200 bp upstream of the 39-end of the gO gene. This suggests that the gO5 strains are also the products of recombination. The recombination site could be anywhere within the conserved areas of the gN gene or the 200 bp 39-end region of the gO gene. If the unidentified counterpart for the recombination has a gN genotype other than gN4c, the transition site is expected to be around 200 bp upstream of the 39-end of the gO gene. Since gO1c is one of the rarest genotypes and no gO1c strain was identified in this study, further study is required to understand the relationship between the gO1c and gO5 strains. C  3b 2a  1  3  U01  P  3b 2a  2  3*  U06  P  3b 2a  2  3*  ASA68  C  2  2b  1  4  C164  C  2  2b  1  4  N66  C  2  2b  1  4  C134  P  2  2b  1  4  ASA15  C  4a  3  2  5  FUK03  C  4a  3  2  5  FUK20  C  4a  3  2  5  FUK31  C  4a  3  2  5  C145  P  4a  3  2  5  J60236  P  4a  3  2  5  U03  P  4a  3  2  5  C49  C  4a  3  1 
*Strains with a gH genotype that is different to the others. DStrains that were not classified into the seven groups and could be products of recombination. Table 1 . cont.
HCMV gN-gO genotype linkage and interstrain recombination
Next, we analysed three strains (C154, FUK16 and S01) of the gN3a-gO1a genotype, as they were not classified into the seven linkage groups. Since the gO sequences of these strains were almost identical (99-100 % identity), the gO sequence of C154 was used for further analysis. The sequence of the gN-gO locus of C154 was compared with that of Y01, which represents linkage group 2 (gN3a-gO1b), and that of AD169, which represents linkage group 1 (gN1-gO1a). The sequence similarity of strain C154 with AD169 and Y01 declines around 200 bp upstream of the 39-end of the gO gene (Fig. 2b) . This pattern suggests a potential recombination event between linkage groups 1 and 2 within the gO gene. The potential recombination site is assumed to be in the conserved 24 bp sequence shown in Fig. 2(b) . Compared with the surrounding regions, the sequence around the recombination site did not necessarily correspond to the well-conserved regions (Mattick et al., 2004; Pignatelli et al., 2003) . To visualize this, sequence similarity was compared for all eight linkage groups across the gN-gO locus (Fig. 2c) . It is unlikely that this potential recombination event was due to the presence of two strains in the specimen or to mispriming, since (i) infection with multiple strains was not identified at detectable levels (.25 % in the population) in the raw sequence data of the gN, gO, gH, gB, UL144 and UL149 genes; (ii) three very similar but distinct strains were obtained from individuals from different localities and at different collection times and their DNAs were extracted and analysed in separate tests; and (iii) different primer sets yielded the same genotyping results. It is possible that the recombinant HCMV was generated and circulated naturally.
Since only two cases of recombination were available, we could not tell whether the gO gene contains a hotspot sequence that triggers recombination, similar to those observed in other viruses (Magiorkinis et al., 2003; Kajino et al., 2001; Takeuchi et al., 2008) . It was, however, confirmed that no chi site-or V(D)J recombination sitelike sequences were present in the gO and gN genes. To obtain insights into the mechanism of the recombination in the gO gene, the non-synonymous distance (dN) and synonymous distance (ds) of codon-based aligned gN and gO sequences were analysed using the VarPlot program, as a recent study provided evidence of positive selection in the hypervariable gN sequences (Pignatelli et al., 2003) . In addition to the gN sequence, the gO sequence showed generally low dN and ds values, and the dN/ds ratios were almost all less than 1 (Fig. 2d) , indicating that negative pressure tends to maintain the original sequences. Although dN/ds ratios .1 were observed in limited domains from some genotypes, such as the gO1b, gO2a, gO2b and gO4 sequences, the potential recombination sites do not localize at those positively selected sites, suggesting that positive selective pressure, such as for immune escape, is not providing selection for recombination.
In conclusion, our study demonstrated a significant link between the gN and gO genotypes in Japanese infants, which supports a previous finding in Caucasian populations and suggests generality of the linkage. Whilst we describe a novel homologous recombination event in the gO gene, it will be important to identify additional recombination events in the gO gene in order to explain the mechanisms regulating recombination. Further studies are also required to elucidate differences in biological characteristics among the linkage groups and to identify the selective constraints that maintain the linkage.
